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1. INTRODUCTION. 


In an earlier paper' I have described the experimental set-up and 
detailed the results of the measurements on air at: temperatures 





A number of errors and misprints in the first Article' should be corrected 
as follows: 
pp. 563-564, Tables I, Flow L/min. to Flow L/sec. 
568-573, Tables II-LX, Flow L/min. to Flow L/sec. 
568, second paragraph, line 5, minute to second 
585, Table XI, Column 5, row 6, 0.0800 to 0.0700 
589, Table XV, Column 2, row 3, 272.12 to 272.42 
594, Fig. 15, On lowest Curve, 200° C to 250° C. 
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above that of the room. In the present article the data are extended 
to cover the available range below room temperatures. 

The apparatus and procedure are essentially those described in 
the earlier paper, so that here it will be necessary only to describe 
modifications of apparatus and procedure required by the different 
conditions or suggested by more extended experience. 

The steady growth in complexity of the apparatus over the years 
while this problem has been studied finally made it virtually impossible 
—or at least impracticable—for one worker to run the outfit and 
collect the data; consequently J. H. Webb joined me in the work and 
all of the data here presented, as well as some of the calculations, are 
the result of our joint effort. Upon J. H. Webb’s departure, Harold 
Osterberg joined me and some of the calculations toward the end of 
this article are his work. 


2. THERMOSTAT BaTH ARRANGEMENTS. 


For temperatures running down to —150° C. it is necessary to 
use a variety of bath liquids, going to the more expensive materials 
only as necessity arises. Good kerosene serves for temperatures to 
perhaps — 50° C., but is apt to become viscous and is better changed 
to gasoline after —25° C. The highest grade of gasoline could be 
used to about —80° C. Petrolic ether (benzin petroleum) could be 
used to —120° C. while below this isopentane*® served to —150° C. 
The cost increases in this order, but in no case was serious for the 
4 gallons necessary to fill the bath. Several times liquids were used 
when their increased viscosity or partial solidification made them 
unsuitable. | The performance of the apparatus and the vagaries of 
the data showed it unmistakably. 


3. Batu REFRIGERATION. 


For the runs at 0° and —25° only, the coil in the lower part of the 


bath (See First Paper, Fig. 1) was rotated to new openings, connected 
outside to the carbon dioxide refrigeration system, and the apparatus 
was cooled by its normal use. The compressed condensed gas was 
brought to the expansion coil through a pipe enclosed in the larger 
pipe carrying the expanded evaporated gas back to the compressor. 

For bath temperatures from — 50 to — 150° C., the cooling was done 
by air exactly as in an air liquefier. The general flow diagram for 
the whole set-up is given in Fig. 1. The air compressed to 215 atm. 
from either or both compressors (1) and (2) passes through the trap 
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(3) for the separation of the liquid water, and through the drier (4) 
filled with stick sodium hydrate, which also serves to remove any 
carbon dioxide. Here (5) the air flow divides, part being used for 
cooling and part for passage through the plug. The portion to be 
used for cooling passes through the tubing of the short exchanger (6), 
the carbon dioxide boiler (7), and the long exchanger (8), expands 
to about one atmosphere at the valve (9) into the coil of tubing (10) 
which is welded to the outside of the steel cylinder forming the ther- 
mostat tank. It passes back from here through the exchangers (8) 
and (6) to the intake of the compressors. 
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Figure 1. Flow diagram. 


These exchanger coils are new and were constructed as follows— 
The coil of (8) was made of four pieces of copper tubing each 50 ft. long, 
36°’ o.d., 44” i.d., wound in parallel to form flat “pancake” coils so 
that each pipe always progressed axially in one direction. The method 
of doing the winding is new and will be described elsewhere. The 
coil was carried on a °%” diam. spindle and slipped into a 3” i.d. 
brass tube. This brass case was later changed to red fiber with metal 
ends and the increased speed and range of cooling was very noticeable 
and valuable. 

The smaller coil (6) was made of one piece of copper tubing 40 ft. 
long, 14” o.d., 3%” i.d., wound like coil (8) in flat “‘pancakes.”” The 
joints required in the tubing were all made by cutting long male and 
female cones on the tube ends and fastening them together with a 
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minimum of silver solder. Such joints do not modify either inside 
or outside diameter of the tube, and they bend on the form almost 
as readily as the rest of the tube. Failure of the silver solder to make 
a tight joint is very unusual. 

The rate of cooling so obtainable varied from 1.4° C. per minute 
at room temperature to 0.4° C. per minute when the bath was at 
—150° C. The total time required to cool down to the working 
temperature was as a maximum about 3 hours. The air coming from 
the caustic soda drier still carries a trifle of moisture. From —10° to 
—70° C. this kept clogging the expansion valve, so requiring much 
attention, but at lower temperatures this ceased, probably due to 
the deposition of the moisture on the walls of the tubing, whereas at 
higher temperatures some of it may have formed snow. 


4. Piuc Arr SuPPLy. 


The part at (5) Fig. 1 of the compressed air destined for passage 
through the plug passes first through four or five inches depth of 
phosphorus pentoxide powder contained in a steel (11) tube 314” o.d. 
and 3” i.d. This at times packed down so that it took several atmos- 
pheres to force air through, but the pressure drop was of negligible 
moment unless the oxide powder had been deliberately packed in 
filling. From here it passes to the old exchanger (12) and into the 
plug apparatus (13). It returns over the outside of the pipes of (12) 
and enters the return to the compressors’ intake. 


5. THERMOMETERS. 


As indicating instruments a mercury thermometer of range 0° 
to —28° scaled in 75°, and a pentane thermometer of range 0° to 
— 200° C. scaled in 1°, served somewhat to follow the bath tempera- 
ture. The control mechanism could also be relied on both for actual 
temperature and for variations. The ultimate reference however 
was always the inlet thermometer. 

The same pair of platinum resistance thermometers and the same 
auxiliary apparatus were used throughout this work as for the latter 
part of the work reported in the first paper.' Since the Callendar 
formula cannot be used below about —40° C. the general method 
described by Van Dusen,’ by Loomis and Walters,‘ and by Henning’ 
was used. The oxygen boiling temperature was chosen as the required 
extra point having the value —183° C. at 76 cm. Hg given by Van 
Dusen. 
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The oxygen hypsometer arrangement is shown in diagram Fig. 2. 
The oxygen was made by heating pure potassium permanganate 
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Fiagure 2. Oxygen boiling point apparatus. 
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in a large pyrex glass flask A. A certain amount of dust was carried 
over which was caught almost completely by an asbestos plug, N. 
The water carried over was partly condensed in the first trap, B, 
while the residue was largely condensed by the ice salt bath, sur- 
rounding C. The final residue was not sufficient to clog the tube where 
it first became very cold. The apparatus was thoroughly evacuated 
through FE before the permanganate was heated. 

In their normal use a heavy metal head, G, on the thermometer is 
used for fastening it in the apparatus, and hence is held at a tempera- 
ture usually not far from the temperature being measured. It there- 
fore seems best to cool this head down to the oxygen boiling tempera- 
ture. The final form of hypsometer used is that shown. The pyrex 
glass parts are shown by thinner and the metal by heavier lines. The 
oxygen passes across the vacuum space in K through the coiled glass 
tube and is condensed by liquid air in the re-entrant metal cup, M, 
whose upper edge extends over and down the outside of the vacuum 
vessel where it is made tight by a rubber sleeve, L. The safety tube 
thrust into the mercury well, D, allowed the use of pressures consider- 
ably over one atmosphere during this condensation which proceeded 
rapidly and easily without overheating the pyrex flask. The liquified 
oxygen flowed down in contact with the case about the coil of the 
thermometer. A cylinder of thin aluminum, H, which fitted close 
to the glass served as a radiation shield. The vacuum tube was not 
silvered. 

When sufficient oxygen had been collected, the liquid air in the 
re-entrant metal cup was replaced by liquid oxygen made from 
ordinary commercial oxygen, and the mercury lowered in the safety 
tube until the system was open to the air. Under these circumstances 
the liquid oxygen boiled away too rapidly to give confidence in the 
thermometer reading. ‘To control this the vacuum vessel was im- 
mersed in liquid air and the oxygen boiled as slowly as desired by a 
small heating coil in the bottom of the tube (not shown). With 
everything thus under control the settings became as steady as could 
be desired and could be satisfactorily duplicated. \ 


The constants for the thermometers are as follows:— 















6 6 
Therm. X 1.50 0.111 
Therm. Y 1.49 0.127 


where a * - a | : ' a P P 
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The data so obtained was used to plot a curve of corrections (t:-— Pt) 
against Pt, for each thermometer which was used to make the correc- 
tion direct from bridge reading to final corrected reading. 

In this low temperature work it was difficult to check the difference 
in resistance of the thermometers at each working temperature. 
It is less here than at the higher temperatures since the difference 
falls steadily with the temperature, amounting to only 0.4° C. at 
— 150° C. and also the observed AT is usually large. This difference 
when measured always agreed with the calculated value over the 
whole range of temperature to well within the limit required by the 
other errors. This experimental comparison was made at only a 
few points in the low temperature range. 


6. COMPRESSOR. 


The two-stage water-lubricated compressor used throughout the 
earlier work! was supplemented here by a three-stage water-lubricated 
compressor of 60 cu. ft./min. of free air actual capacity, built by 
the Nordberg Manufacturing Co., Milwaukee. During the preliminary 
cooling down of the bath both compressors were often used, see Fig. 
1. Most of the readings were made with air handled by the larger 
machine since, on account of the lower temperature, the volumes to 
be handled in the plug were not so large and the mass flow could 
therefore be increased materially before kinetic energy effects became 
appreciable. These larger flows reduce the errors due to heat leakage 
which were larger in this range on account of the generally larger 
temperature drops measured. The large compressor was however 
not so steady in its delivery as the other had become and required a 
great deal of mechanical attention, particularly to the valves. The 
replacement of the castor oil by water on the piston rod of the small 
machine finally abolished the use of oil of any kind in the compressed 
air system, leaving only water vapor as the main impurity. 


7. PRESSURE REGULATION—BAROSTATS. 


The high pressure was controlled by the same barostat as used in 
the latter part of the earlier work. Its steady preformance is of 
dominant importance in determining the consistency of the data 
obtained. The single door-spring attached to the rotating piston 
load was used for all this work. An extended discussion of this 
regulator will be found in the earlier paper! page 549. 

The most continual and persistent difficulty found in this work 
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was the slow shift of the pressure (P2) inside the plug. This was 
attributed to clogging or unclogging of the plug by condensible 
material carried by the compressed air, and led to extreme measures 
to purify the air. The air from the sodium hydrate purifiers, see Fig. 
1, was passed through phosphorus pentoxide powder held in a steel 
tube requiring 0.5-7 atmospheres to force it through. This improved 
the situation but did not cure it, so it was inferred that substances 
other than water vapor caused the trouble. The air approaching 
the plug bath was next passed through a long regenerator built after 
the Linde model of a casing steel tube and five internal copper tubes. 
The end where the air turned back on itself was immersed in liquid 
air, so that as determined by thermocouples along the tube, the 
flowing air actually approached liquid air temperature. This should 
effectively condense out any volatile material. While it again im- 
proved the situation, it still left P2 varying too much for satisfactory 
data. Filtering the air while at this low temperature through cotton 
to take out snow made no observable difference. This, combined 
with the failure of many other less extreme measures, made the 
situation look almost hopeless after some two years of effort. But 
now the drift was small, usually, so it was decided to try keeping P» 
steady by direct regulation in the hope that the clogging was small 
enough to allow of satisfactory data. 

For the control of P2 a second rotating piston (see Fig. 4 of earlier 
paper)' was set up and used to operate a valve just as for P;. A 
number of arrangements were tried and the most satisfactory was 
to make this control valve the one in the base of the apparatus 
through which the air escaped from the plug cavity. A second valve 
in the base in series with the controlled one, allowed of adjusting 
the division of pressure drop, so that any desired fraction could be 
left across the controlled valve. The fraction used was made small 
enough so that the tendency to hunt was kept within manageable 
dimensions. A wooden cylinder about four inches in diameter was 
used on the valve stem to reduce its angular motion as compared with 
the sliding contact motion, and the motor speed was reduced 96:1 
by a worm gear and 4:1 by pulleys. By control of the voltage applied 
to the 20 volt D.C. motor the overshooting was readily controlled 
and it was found best to set it so that the motor was in continual 
motion, and the valve oscillating through a very small angle on each 
side of the steady setting. 

The volume capacity of the plug and passages is small, so an ordin- 
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ary carbon dioxide storage cylinder, 25 lb. size (see 14 of Fig. 1) was 
connected to it, and provided with filling and emptying connections 
direct to the high and low pressure lines in order to economize on the 
time required for shifting the working pressure. 

All this, together with the spring on the rotating cylinder, made 
the control of this pressure exceed expectations. The situation is 
much simpler than with P;, since P, is not subject to any erratic 
rapid variation. The tendency to hunt was under entire control. 
At a shift in the working pressure, the new pressure became steady 
immediately and remained so with very little attention. The piston 
shifts vertically while compensating valve temperature adjustments 
and possibly some plug clogging, but this lasts only a short time 
after each shift. | 

The effect on the data was apparent from the first. The difference 
of temperature reading settled down immediately to its final value; 
that is, generally within 5 minutes after setting at a new pressure 
difference, the temperature difference was steady and would keep 
the same value to 0.01° for as long as it was followed (30 minutes 
in one case). 

It appears from these observations that the flow varied but very 
little, particularly at the lowest bath temperatures. ‘ The observed 
drift of the uncontrolled P2 must therefore be sought elsewhere than 
from impurities, as for instance in the temperature shift of the valve 
stem and parts about the valve. 


S. GENERAL THEORY. THERMODYNAMICS. 


The porous plug (Joule-Thomson) and the free (Joule or unresisted) 
expansion experiments belong to that large class of problems in the 
consideration of which the forms of energy entering the discussion may 
be restricted to two, heat and work; and the transfers of work may be 
restricted to those accomplished by a uniform hydrostatic pressure. 
In such cases it is generally observed that there are only two free 
variables. On the basis of the conservation of energy, one may write 

du = dq — pdv 
where wu is the intrinsic energy and qg the heat added. Also 
dq = CdT + h'dp 
which is the definition of C* and h’. Whence 


du = CdT + h'dp — pdv 








* Since C, is not used here, C is used for Cp. 
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One of the Maxwell relationships (the first) is 








! nin # dv 
dT Pp 
from which 
du = CdT — T =) dp — pdv (1) 
dT /, 


which except for the u involves only quantities quite familiar in the 
laboratory, and is readily applied to the expansion experiments 
being considered. 

In the porous plug experiment, the system is insulated from heat 
exchanges but not from work transfers, so that the condition to be 
satisfied is 

u-+ pv = h = constant 
and imposing this condition on the general equation (1) gives very 
easily the well known equation 


Cu af dl = 7’ ad — 7% (2) 
dp J» Ge Fo 


In the free «xpansion experiment, the system is isolated and neither 
work nor heat may be transferred across the boundary. That is, 
the energy of the system remains constant, or 





u = constant 


Imposing this condition on Eq. (1) gives 


Cy, —_ (' ( d 1 ) = 7 Lid — Pp + d( po) (3) 
dp u d 1 p dp - 
or 
Cy = Cut (2) (4) 
dp Jy 


which is a very simple relationship between the two coefficients 4 
and uw. It is a precise statement of the readily recognized experi- 
mental situation, namely that the difference between the porous 
plug and the free expansion situations is the external work factor. 
[t says that for unit change of pressure (dp) the quantity of heat 
(CdT,,) required to keep the temperature (7') constant in the free 
expansion experiment is equal to the heat (Cd7',) required in the 


e u 


oe ; : d(pv) \! 
similar porous plug expansion experiment, plus the heat {| —— } > 


equivalent to the change of pv in the free expansion experiment. 
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While Eq. (2) may evidently be used for computing y, it is not 
= | — | is a small differ- 
dT /, 

ence between larger experimental quantities. This applies also in Eq. 
(3) and moreover the variation of C with temperature and pressure 
has not been measured at all adequately. Conversely, if uw be known 
experimentally it offers an excellent method for calculating either 


dr ) 
— or v. 
( dT /> 


Eq. (4) may readily be put in a form very suitable for computation, 
using the data for u. Since there are only two free variables, if (pr) 
be chosen as a dependent variable, one can write 


d(pr) = (2 ), dp + () dT (5) 
/ p 


which holds generally and will therefore hold for the free expansion 
experiment where uw = constant, or 


d( pv) i d( pr) ) ia d(pe) ) 6) 
dp J. dp Jr a? Js 


and substituting this in (4) gives 


i( pv) ) d( pe) ) - 
C —_ — Cc: sameeren 7) 
“| ( dT | an ( dp Jr 


The variation of (pv) as a function of p and of T is a very common 
way of expressing the properties of a gas. Such tabulations may 
readily be used to supply these two partial differential coefhcients, 
and with C spread over the pressure range by the use of the isenthalpie 
curves (see first paper'), y may be readily calculated. Moreover, if 
one carries out the indicated differentiation (7) yields 


ly dv 
1 C— p basa =CUn+ pt - ) + v (Ss) 
“| ;, () | ° (= r | 


in which however the second and third terms on the right give again 
the small difference between larger experimental quantities. 
Also if in (8) one substitutes the values of uC from (2), there 


results 
ly | ly dv 
C —p(- ) = 7 ) +p ) 9) 
“| »( ts a (3 ra (= r ; 


' 
r 


very serviceable, since the term | T ( 
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It might be observed that it is not required in this argument that 
the system be homogeneous, that is, of one phase only, though the 
physical meaning of the coefficients may differ in the two cases, 
This situation arises, for example, in this work where the isenthalpic 
curves cross the vapor pressure area of a several component system. 


9. EXPERIMENTAL RESULTS, ISENTHALPS. 


The data from the experiments are given in Tables 1-12. The 
separate Tables are referred to by the approximate bath temperature. 
In each Table the data is grouped under letters to indicate the group 
readings (runs) made at one attempt. The last reading of the tem- 
perature and pressure in a run (numbered serially) is the bath tem- 
perature and the inlet high pressure. The temperatures are all 
reduced to the hydrogen Centigrade scale. The pressures are all in 
atmospheres (76 cm. mercury at 0° C.) and are in absolute terms, 
that is above zero not above atmospheric. The plug used is referred 
to by number. In general all the data are in duplicate agreeing with 
each other and taken with a different plug and rate of flow in the 
separate runs. The rate of flow is not given and was generally not 
recorded, care being merely taken to insure that the rates were 
different and neither excessively large or small. Each run has a 
particular plotting symbol so that the points may be distinguished 
on the plot. 

The data are plotted in Fig. 3 using an unbroken pressure scale as 
abscissa but a temperature scale as ordinate with gaps in the scale 
to economize in the area needed. This shifts the curves out of their 
natural relation to each other and account must be taken of it when 
making comparisons. Reference to the earlier article will show 
immediately that the two series of curves fit together precisely— 
the change of position, of slope, and of curvature is regular and 
continuous. The growing steepness and curvature with falling 
temperature in the earlier work continues here, with maximum 
steepness at the lower end of the —85° C. curve approaching 1.6° C./ 
atm. The curvature gradually concentrates towards the middle of 
the curve and increases so that while the lower end is still growing 
steeper, the upper end reverses its trend and grows flatter. The 
sharpened bend or knee moves down the curves until it fades out 
under and into the liquifaction curve. The data for this vapor 
pressure area as plotted in Fig. 3 are taken from the work of Kuenen 
and Clark® and of Dodge and Dunbar.’ In the case of air, the 
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width of this saturation area is so small that any attempt to follow 
by experiment these isenthalpic curves within this area will be hardly 
profitable. 


ISENTHALPIC CURVES for AIR 


u+bv=h=Enthalpy= Constant 
pb in atm.(a bsolwte) 


-t in degrees Centigrade 





FIGURE 3. 
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It will be observed in Fig. 3 that the curves actually run into the 
saturation area, as they should, except in the lowest few points on 
the —150° C. curve. These lowest two curves have only one run 
each—time failed at the close of the year. Also this —150° C. curve 
was irregular in the way the equilibrium temperature was approached. 
It sometimes required half an hour before the drift had slowed down 
so as to be no longer observable while in the rest of the work five 
minutes was sufficient. This shows also in the wu for this curve which 
is the most irregular of all this lowest temperature group. 

It should be noted also that the low end of the —75° and —85° C. 
curves are also determined by only one run. It proved so extremely 
difficult to avoid clogging of the plug with these large drops of tem- 
perature that when such curves as shown were obtained after many 
trials and the upper half or so was confirmed by another run, it was 
considered sufficient. 


10. Locus or MAXIMA ar =n=0 
AP /h 


The progressive flattening of the upper end of the curves, Fig. 3, 
proceeds until the sign of the slope reverses and on three of the curves 
the location of the maximum is marked by a cross surrounded by 
two small circles. The plot of u,—the slope of these curves, as de- 
scribed later—against 7 at constant p in Fig. 6 gives another set 
of points (put in with z) on this locus of maxima, and the dashed 
curve in Fig. 3 is drawn through the group. The other two points 
put in with circles over a cross are the data taken by Hausen and 
reported by Knoblauch.* The position of the maxima on such flat 
curves is very difficult to locate but the divergence between Hausen’s 
data and these here is larger than the apparent experimental errors. 
On account of the care taken in the present work in pressure and 
temperature regulation and duplication with different rates of flow 
(in the other curves), the probabilities of error are less than with 
Hausen’s procedure. 

lig. 4 is the same as in the earlier article! (Fig 11 there) except 
that the lower branch of the unnamed curve is now drawn through 
the points just determined. The general aspect of the situation as 
discussed in the earlier paper is not changed. The area enclosed by 
the loop as well as the probable maximum pressure is increased 
slightly. The whole area can still be explored experimentally by 
means now available. 
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11. JouLE-THOMSON COEFFICIENT wu. 


As in the previous paper' the numerical values of uz are obtained 
by taking the ratio of successive differences of ¢ and p for each run. 
These values of w were then plotted against the average value of 
the pressure to give the set of curves of Fig. 5. They are plotted 
ach to the same abscissa zero but the ordinate wu scale is broken to 
separate these curves. It will be observed that the curves shift both 
linearly and angularly, positively and negatively in each case, so 
that the normal plotting leads to inextricable confusion among 
curves and points. 

Evidently while taking the first differential has increased the 
variation and consequent uncertainty, nevertheless the position of 
each of these curves is fixed within fairly narrow limits. To lessen 
the uncertainty as much as possible, the procedure described in 
the earlier work was again followed but even more thoroughly. The 
values of vu from the curves of Fig. 5 were used to reproduce the curves 
of Fig. 3. The position and curvature of the curves of w were shifted 
slightly until they satisfied the criterion, that is, until by starting at 
a middle point of a curve of Fig. 3, a numerical integration of the 
values of w reproduced the curve within the experimental error. 
This was a very long tedious numerical process but it added immensely 
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to the certainty of the y curves. The 0° and —25° curves have much 
more data but it is less consistent than the following curves where 
the control of P2 was improving due to better purification of the 
compressed air and finally to the actual control of Ps. It is also 
evident that this process of making the v. curve agree with the integral 
curves has in no case made the curve inconsistent with the plotted 
points. 

The curves of Fig. 5 are still isenthalps like those in Fig. 3 from 
which they are derived. To change the data to isopiestics the value 
of u. for a set of integral values of p were picked off and the values of 
t corresponding to the p’s were read from Fig. 3. In Fig. 6 these 
values of uw are plotted as a function of ¢t at constant p. To complete 
the set of curves the corresponding values of yu. and ¢ for the range 
above room temperature are included. Since the curves run so far 
along the ¢ axis the diagram is cut in two parts and these placed to 
save space. 

It will be observed that the two groups of data merge with each 
other without any need for adjustment. The values also drop very 
excellently on smooth curves. At high temperatures the value of uv 
for all pressures is small, becoming negative for the highest pressures 
shown. The trend of the curves shows very definitely that u will be 
negative for all these pressures at temperatures less than 100° C. 
above those shown. This agrees with the discussion on Fig. 4 above. 

As the temperature falls u increases with increasing rapidity for 
all pressures but the more strongly for the lower pressures. Within 
100° C. of the critical temperature this increase of u changes to a 
decrease, for the higher temperatures, giving flat maxima. As these 
maxima are followed to the lower pressures and consequent lower 
temperatures, they become sharper and sharper peaks until the curve 
suddenly fails to turn down and continues rising apparently inde- 
finitely. The last maximum must be a sharp cusp, and the situation 
there is very peculiar both in the diagram and with respect to the 
physical state of the material. 

Corresponding to the steepness at the maximum the left hand 
side falls with increasing steepness until apparently the critical pres- 
sure is reached. If these curves were for a single component (pure) 
material one could say confidently that for pressures below the 
critical pressure y. shows no maxima but continues to rise, as appears 
to be the case here. 

The fall on the left of the maxima carries the values of 1 down to 
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and below zero for the higher pressures, and unless the sudden curva- 
ture whose first part shows, interferes, it would appear as if all the 
curves would cross the zero line. This is of some interest as determin- 
ing the lower branch of the curve of Fig. 4. It should preferably be 
attacked experimentally in the case of a pure material and one whose 
critical temperature is more easily reached, than is the case with air. 

The curves of Fig. 3 run into the vapor pressure curve, some above 
and some below. If this vapor pressure curve was a line and not an 
area, then the isenthalpic curve which runs through the critical 
point should run through it parallel to the vapor pressure curve.'® !* 
This of course is what one would expect from the general lay out. 
In Fig. 6 the value of yp, (p. = 37.2 atm. and T, = — 140.6° C. for 
air®) should fall on the critical isopiestic where it crosses the critical 
temperature ordinate, and its value should agree with the slope of 
the vapor pressure curve, also at the critical state. The critical 
isopiestic runs so nearly vertical that its crossing point of the critical 
temperature ordinate is very uncertain. In view of the certainty of 
the above argument, it would be justifiable to draw this isopiestic 
through this point making 


cbs dT. 
we dpe ] Ve 


The average slope of the area near the critical condition was read from 


the plot of Fig. 3 giving 
dp, atm. 
— = ().63 
(5 Re ), "Cc 


and the point is put in as c on Fig. 6. This point falls almost on 
the 40 atm. isopiestic as drawn. 

Air is of course not a single but a three component system, but one 
with a very narrow vapor pressure area and with the two critical 
points very close together,® so that it evidently makes a very good 
approximation to a one component system. 

The fact that this point falls so high up on the P. isopiestic means 
that the greater part of the adjustment in slope of the isenthalpics 
between the gas region and the liquid region takes place just below 
the critical state and under the saturation curve. This takes place 
as noted above by the sharp bend sliding down the isenthalpic curve 
till it is cut off entirely by the saturation curve. 

It is also evident that if one were to collect the values of the slopes 
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of all the isenthalpic curves at the point where they cut the saturation 
curve (Fig. 3) these values would be the limiting values of », maxima 
for these isenthalps on both the liquid and vapor sides. In the plot 
of u against 7’ of Fig. 6, these values mark off an area which might 
be called the saturation area. At first it would appear as if none of 
the u curves should cross this boundary, but it is to be observed that 
these plane diagrams are better considered as orthogonal projections 
from a three dimensional diagram in which the limit curve will be a 
line on the (u, p, t,) surface. There is no reason why this surface, 
carrying the isopiestic curves, should not dip below this limit (satu- 
ration) curve as it apparently does in Hausen’s formulation” and here 
where the p = 1 isopiestic crosses that for p = 20 (see Fig. 6). 
Hence, in the projection, these isopiestics can and do invade the area 
inside this limit curve. 

For further use the values of u for a set of integral values of pressure 
and temperature were picked off the large plot and are collected in 
Table 13. They cover only the low temperature range and must be 
combined with Table XI of the first paper! to cover the whole range 
measured. 

12. COMPARISON WITH HAUSEN’s WorK. 


The group of workers, Vogel, Noell, and Hausen,'* with Prof. 
Knoblauch at Munich have done the only comparable work in this 
field with air. They have all used the same general methods and 
even the same apparatus, so that only the final worker, Hausen’s, 
results need concern us here. 

To compare the values of wu, the large scale plot of u as a function 
of temperature at constant pressure, generously sent me by Hausen 
himself, was used to pick off the values of u. for 0, 100, and 200 atm. and 
the series of temperatures of the table, and are printed in italics in 
Table 14. The comparison values from the present work are printed 
in ordinary type. In parts of the field the agreement is excellent, 
about 1% near room pressure and temperature, but in other parts 
the difference goes in the extreme case to 300% for the small values. 
Even in the larger values the difference may amount to 50%. Since 
both groups of data have been smoothed to exclude as far as possible 
chance uncertainty of individual readings, there is not much purpose 
in a more detailed comparison than Table 14 affords. 

In my first paper there is a discussion of the causes of uncertainty 
in Noell’s work. Hausen used exactly the same plug arrangements. 
He calculates in some detail the heat leaks to be expected but he 
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gives no experimental verification, for example, that the readings are 
independent of the rate of flow. Nor does he consider seriously the 
effects of velocity of flow, nor the effects of drifts from the hand 
regulation of pressure and of temperature. Until something is known 
experimentally with his apparatus about these sources of difficulty, 
I am inclined to suspect the causes of the divergence lie there. 


13. SpeciFic Heat, C = C,. 


In the first paper, p. 586, the method of calculating C was in error, 
in that the values of the factor for even values of temperature and 
pressure were picked off from the factor plot. This should have been 
done after the factors had been multiplied by the appropriate value 
of C on the one atm. line. These values for C have consequently 
been recalculated, but are substantially unaffected by a more correct 
smoothing. 

To spread the values of C over the pressure-temperature range, it 
is necessary to know a series of values of C along a line cutting the 
isenthalpic curves of Fig. 3. Such a series of values would be sought 
first at p= 1 atm. over the temperature range. While this was 
excellent for the work above room temperature it is not very suitable 
for the present work, because, (1) a considerable portion of the curves 
do not extend to 1 atm. but end at the saturation curve, and (2) those 
curves which do extend to 1 atm. are widely spaced, run very steeply, 
and are perhaps the most uncertain experimentally. Above atmos- 
pheric pressure there are available Witkowski’s® work up to 70 atm. 
and Jakob’s'® values calculated from the related properties of air. 
For the present purpose it would appear very profitable to use a 
method based on that used for water by H. L. Callendar" to measure 
the ratio of the specific heats at 100 atm. from room temperature to 
below the critical temperature. 

Meanwhile the values given by Jacob'® were used to calculate 
values of C at 100 atm. down to a lowest temperature of —80° C. 
The calculated values are given in Table 15, which includes the 
Table XII from the previous paper unchanged except for the value 
at p = 100, t = 0° C. which is shifted from 0.2804 to 0.2838. 

The curves are of some interest but can profitably await values of 
C at such a pressure and temperatures as will serve to spread the 
values down to and below the critical temperature. Consideration 
of the curves of Fig. 3—whose meeting points mean a change of energy 
with no change of temperature or pressure—as well as the general 
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theory of the critical state, make C = » atT=T7.,p =p. (Com- 
pare also Burnett  '® and Hausen.”) The data of Table 15 show 
the very rapid rise of C at the low temperatures, a rise which is 
different for each of the isopiestics. 


14. ENTHALPY h. 
This quantity, h, is known by a variety of names—“‘intrinsic 
energy,” “‘total heat,” “‘thermodynamic potential,’ “‘x function” 
(Gibbs)—as well as by a variety of symbols. The relation 


[dh = Cdt], where C = (1) 
dt /» 

has been used to calculate the difference in enthalpy between the 
constant enthalpy curves of Fig. 3 here, and Fig. 8 of the first paper. 
C varies so very slowly over the whole temperature range at 1 atm. 
pressure, that average values of C for the temperature step are quite 
sufficient. It is not feasible to evaluate the integration constant so 
an arbitrary zero has been selected at 0° C. and 1 atm. 

In Table 16 is given the value for the enthalpy of each curve to as 
low a temperature as the value of C was available. The value of CAt 
for the same value of A7 at 215 atm. varies over about + 2%. These 
values of A7 at 1 atm. are really the differences of considerably 
larger experimental values so that this treatment exaggerates the 
experimental errors. To lessen this erratic variation, the values were 
smoothed by plotting, being careful to keep the same total change in h. 

It is evidently a routine matter to cross plot these h = const. curves 
of Fig. 3 here and of Fig. 8 of the first paper, to give either the variation 
of h with ¢ at constant p (the usual “total heat diagram”) or the 
variation of A with p at constant ¢. As no immediate use was to be 
made of them here, they are not given. 


15. RaTE oF CHANGE OF HEAT WITH PRESSURE, pC = (2) ' 
P/h 
Since the values of » C are of considerable use in thermodynamic 
calculations and are used later here, the data for the low temperature 
range are collected in Table 17, which is therefore the complement of 
Table XIV of the first paper.! The values are obtained by multiplying 
together the value of py. in °C/atm. from Table 13 and C in cal./g.° C. 
from Table 15. To obtain these in C. G. S. mechanical units (cc./g.) 
they must be multiplied by 


7 
41.38 = 4.188 X 10 


13.59 X 76 & 980 
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The values are negative in part of the field corresponding to the 
negative values of u. In the general neighborhood of the critical 
state C varies rapidly and so here controls the variation of uC 
but over the rest of the field u varies the more rapidly. On account 
of the uncertainty in the values of C below room temperature, the 
probable error in wC is largest there. 


16. po DaTA FOR AIR. 


In order to make use of Equations 2 and 7 for the computation of 
a, and 7 it was necessary to look up the data on pv as a function of 
pressure and temperature. The data divide naturally into two 
groups, one above room temperature and the other below. 

For the region 0° to 200° C. and 0 to 100 atmospheres use was 
made of the data of Holborn and Schultze.'’ The data were plotted 
on a large scale as isothermals, pv against p, and from these curves 
data were picked off for plotting isopiestics, pv against t. This 
allowed of selecting the values of pv and from this of the specific 
volume ?, at the particular values of p and ¢ used in the other tables. 
The values of v are collected in Table 18. The precision is probably 
better than that required for the computation of zp. 


The values of (“") and (“= required for use with Equation 
dt p dp t 


14, are of course the slopes of these isopiestics and isothermals re- 
spectively. These slopes were consequently picked off by graphical 
means and smoothed by plotting and cross plotting. It was found 
necessary to interpolate for the 25° and 75° isothermal by interpolating 
the data for the slopes, since interpolating the original data led to 
quite inconsistent results for the slopes. The original data do not 
lead to very consistent curves, either on account of experimental 
error or because air has this character. The smoothing process was 
carried only far enough to smooth out chance errors in our treatment, 
but not far enough to interfere with the original character of the data. 
The data for the two coefficients are collected in Tables 19 and 20. 

The low temperature pv curves had to be built up from a rather 
fragmentary collection of data from different workers. The data 
used were (1) that by Penning as given in International Critical 
Tables, Vol. 3, p. 10, (2) the isothermal given by Koch '8 at —79.1° C., 
(3) the isothermal at 0° from Holborn and Schultze,’ (4) the points 
given by Witkowski’ of zero slope of the isothermals. The isother- 
mals so built up were cross plotted as isopiestics to allow of interpolat- 
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ing for the particular isothermals desired in the tables. These gave 
the values of pv which were used to obtain the specific volume data 
for the lower temperature range given in Table 18. 

As before, these isothermals and the isopiestics plotted from them 
were used to obtain the values of the slopes (cre) and (fe) by 

t Pp 

graphical means. The resulting values were as before smoothed, but 
only to aid the graphical treatment, not to submerge the character 
of the data. Considerable extrapolation was necessary. The pressure 
coefficient is consequently apt to be in error, particularly at those 
values of p and t where the coefficient is small. On account of the 
data available the —75° isothermal and the 60 atm. isopiestic are 
the most reliable, and therefore also their respective coefficients 
(slopes). The effect of the interpolation and extrapolation necessitated 
by the fragmentariness of the data is evident in Table 19 in the 20 
atm. row. Ata constant pressure of 20 atm., the temperature coeffi- 
cient should surely decrease continuously with rising temperature, 
instead of erratically as in the table. Nevertheless, the actual value 
of this coefficient appears to be reliable to 3 to 5% or better. The 
pressure coefficient is not quite as good. 


17. COEFFICIENT OF VOLUME EXPANSION ap. 


Equation 2 above may be put in the form 
uC’ 1 1 / dv 
—— l — GE «af anus = l 
e+ | (3), 4d — 


in which it is at once evident that ~~ is proportional to the divergence 
v 


of «, from the reciprocal of 7, and gives it as a measured difference. 
From which if 


> 1 
<= ef 
and as experimentally yu may be = 0, it follows that a, may be either 
larger or smaller than - At the critical state both C and a, become 
infinite. 


uC’. 
At 1 atm ~~ is small compared to unity; for example, at 0° C. it 
v 
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is 0.0034, so that 1% error in va introduces only 0.0034% error in @p. 
v 


The value of Lf comes effectively from a coefficient measurement, but 
0 
has a small uC correction, so that the variations in the value of a, 
at these low pressures can be evaluated from these wC data with more 
precision than they can be measured directly. 
As the pressure is increased v decreases very rapidly, so that at 
100 atm. uC and »v are about the same size, and hence the error in 


a» is only slightly reduced from that in fi As the difficulty in a 
v 


direct measurement at this pressure is great, possibly the computed 
value would be still the better. 

a,» has been computed (Table 21) using Eq. 17, uC in cal./g. atm. 
from Table 17, which is converted into cc./g. as described above 
and v from Table 18. It should be noted that these values of z, are 
not averages over a range in temperature but are the differential 
values at the particular temperature and pressure specified. 


18. FREE EXPANSION OR JOULE COEFFICIENT 7) = (<*) , 
PJ/u 
Equation (7) above may be used readily for computing y and the 
values are detailed in Table 22. The necessary data for C were 





picked from Table 15; for ie from Table 19 in L./g. atm. and 


Pp 
changed to cal./g. ° C. by multiplying by 24.17; for uC from Table 17 


and First Paper Table XIV; for (“2 from Table 20 in L./g. atm. 
Pp 


t 
and changed to cal./g. atm. by multiplying by 24.17. 

For the whole range the second term in the bracket runs about 
14 of C, the two terms varying somewhat together. The last term on 
the right runs from about 5% of uC at —75° C. and 140 atm. to 150% 
at + 200° C. and 100 atm: that is, in the range near the critical state 
where C grows very rapidly uC dominates, but where uw is small in the 
neighborhood of the inversion temperature wC becomes relatively 
unimportant. Where uC vanishes the second term is still strongly of 
account so that as far as can be inferred from this data y does not go 
to zero. This is of course the behavior to be expected from the 
kinetic theory in which the force between the molecules does not 
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vanish except perhaps for very great separation, a case not even 
remotely estimable from the above data. In consequence of the 
relative sizes of the terms it appears that they all have material 
importance in fixing the value of y, and it is correspondingly difficult 
to estimate the precision with which 7 is known. 

Evidently from Eq. 4, 7 =" according as (= =e. If one 


u 


from the isothermal case (=) : 
» dp /r 


there arises the effect on (pv) of the temperature variation in the (pv) , 
case, which on account of the small variation of (pv); may actually 
dominate. There are no measurements leading to a knowledge of 
the variation of (pv),, though it could be calculated from the data in 
this paper by using Eq. 4. 

So far as I know there are no published experimental measurements 
of 7. Joule’s work led to no numerical values. It was tried in this 
laboratory by one of my students, E. V. Floyd, using air, and allowing 
it to expand from an inner vessel into the space between, which was 
previously evacuated. This made it possible to reduce the material 
sharing the change of temperature with the air, to less than 300 times 
the mass of the air. The interpretation of the experimental data is 
much complicated by the change of temperature of the two vessels’ 
walls, due to their changes of stress. The serious mechanical diffi- 
culties in the construction of the vessel occupied most of the available 
year. The preliminary data obtained however was just what was 
expected but was neither elaborate enough nor sufficiently certain to 
justify separate publication. When opportunity offers the problem 
will be taken up again as it is decidedly advisable to check at least 
part of the data of Table 22 by direct experimental measurement. 

Worthing" has calculated both uw and y, from Eq. 2 for wu and an 
equation which he derived by a cyclic argument for 7. Both equations 
involve small differences in a way to magnify the error in the data. 
Table 23 shows the way his data compares with that in this paper. 
Considering the difficulties involved in his situation—none_ too 
trustworthy or abundant data, complex formula, involving small 
differences—the agreement is excellent. 

H. Hausen” has also used his measurements of u to calculate the 
numerical magnitude of a number of the physical properties of air, 
among which is the free expansion coefficient. His method of analysis 
is radically different from that used in this article, as he employs 


:; | 
attempts to estimate (=) 
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with great skill mostly cyclic arguments referring directly to real or 
ideal experiments. For his calculation he also requires the pv relations 
of air. 

His values of y are given only in the form of small curves, and he 
claims only 10% accuracy, on account of the exaggerated effect of 
small errors in the graphical and numerical treatment. For compari- 
son with Table 22, his values of 7 have been picked off these curves 
over the range of comparison only, and are given here as Table 22A. 
As will be observed, his values are almost uniformly larger than mine 
by at least 10%. The trends are quite similar—a small rise with 
pressure at low pressures, and a steady fall at higher pressures, as well 
as a fall with rising temperature when distinctly above the critical 
temperature. 


: 1 / dv 
19. Evastic CoEFFICIENT — y = - (**) IN (ATM)7—}, 
v ap ft 


Equation (9) may be readily rewritten as 


1 (¢ ) | a | T &p 
—-y=- om = 7 — 2 |i-— 
v\ dp /t pv p 


This has been used to calculate the values of y given in Table 24, 
using 7 from Table 22 in °C/atm., C from Table 15 in g.cal/° C, »v 
from Table 18 in ce/g., and a, from Table 21 in (°C.)—. 
Numerically, of the two terms within the brackets on the right, 
a, is usually about one quarter of the first term, while the term 


| = 
‘LL pe 


; Ta 
pressures to 50% — 25% for the higher pressures, on the term 4 , 








— | makes a small correction, 0.5% — 0.2% for the low 


If the gas obeys Boyle’s law, then y becomes equal to 1/p. For 
comparison, the values of 1/p are given in the right hand column of 
Table 24. It will be observed that the tabulated values are in all 
cases quite close to the corresponding value of 1/p. Also these 
tabulated values fall slightly with rising temperature at all pressures, 
generally somewhat more rapidly at the lower temperatures, and 
generally rapidly enough that the irregularities do not obscure the 
drift. That is, at all the pressures shown the air is more compressible 
than the ideal gas at the lower temperatures and less compressible 
at the higher temperatures. 
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20. CONSTANT PRESSURE AIR SCALF. 


In the first paper' the Kelvin scale temperature of the ice point 
was calculated as 273.15° K., using the available values of the average 
coefficient between the ice point and the steam point, and the values 
of uC for the same range. These corrections are now extended to the 
range covered by these experiments. The method used is that 
due to Buckingham,”° which was used also by Hoxton.” 

Eq. 2 above may be readily rewritten in the integral form! 


0 {7 CydT 


—-——_ = (11 
T To -"_ f° sd 
and this used to write the working equation 
Tuc 
t. — t = 0.7012 at — TTopo aos f “ar (12) 
To 


where 7’) is the ice point on the Kelvin scale already calculated from 
these data, and 


1 
T, = —+ 0.7012 
z 


where z = 0.0036708 (p = 760 mm.). T is the temperature on the 
Kelvin scale so that t, = 7 — To and t is the temperature on the 
Centigrade air scale. p = 1.293 g/L at 760 mm. and 0° C. 

To evaluate the integral use was again made of the relation 


716 = - -++ B 


which represents uC quite accurately over moderate ranges of temper- 
ature, as shown in the first paper, for temperatures above room temper- 
ature. ‘The integration was performed in steps to cover this range 

lor the range below room temperature, uC plotted against 1/7 
shows decidedly more curvature so the integration was carried out 
by determining A and B from the plot. The data on wC for the low 
temperature range at 1 atm. are somewhat less reliable than at 
higher temperatures, as was shown by the lesser regularity of the 
values for the successive steps. It would appear also that the value 
of wu at O° is somewhat low, as surmised also by O. C. Bridgman,” 
but re-examination of the data shows no present ground for altering 
the values. The data are given in Table 25, which gives also the 
data from Buckingham.*® 
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These corrections apply to a thermometer using 760 mm. pressure, 
but it is possible to modify them without material error for a slightly 
different working pressure. 

In Eq. (12) above 


T, 
0.7012 = tot ef uC aT (13) 
100 T 





a 


so that po is a factor in the right hand member of Eq. (12). 
If the chosen new pressure is not sufficient to alter uC materially, 
only po among these other quantities is altered, so that 
(t — t,)} _ po! #4 Po 


(t ae t.)" po! pol! 





or the ratio of the densities or pressures will give with quite sufficient 
accuracy the ratio of the corrections. 


: . du 
21. INTRINSIC ENERGY VARIATION WITH VOLUME. A={ — }. 
dv f 
In Eq. 1 above if one inserts the condition that the temperature 
remains constant, the result may be written 


du _{ dv dp 
(+ ). (= )(¢ ), , he 


Ta» 
Y 
where J is therefore a function of both p and ¢. 

This relation has been used to calculate \ given in Table 26 using 
zx» from Table 19 in (°C.)~! and y from Table 24 in (atm.)~. X is 
therefore in atm. The two terms on the right of Equation 15 are 
numerically nearly alike at the low pressures (0.6% to 0.08°% different) 
but this difference increases with pressure until in the extreme case 
the first term is more than twice the second (at — 75° C. and 140 atm.). 

It will be noted that \ falls with rising temperature at all pressures, 
by about a factor of 10 in the temperature range covered. Since 
one of the terms in the definition of an ideal gas is that \ = 0, this 
fall of X shows that the air is varying toward ideality rather rapidly 
over this temperature range. 

On the other hand, \ grows with extreme rapidity with pressure 
increase, at all temperatures, by a factor of about 10,000 for the 100 
atm. rise. In terms of the definition of ideality, this means that at 


mek (15) 
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the low pressures air is very close to the definition, but that it diverges 
very rapidly from it as the pressure is raised, seemingly more rapidly 
than it does from the pv = const. term of the definition. 

Such a table of values for \ may evidently be used as a very con- 
venient starting place in an attempt to estimate the law of force 
between molecules in the gas, as well as the actual forces. It is a 
very complicated problem and is unnecessarily difficult in this case 
on account of the presence of several molecular species, and of the 
complex nature of the molecules. A single atomed molecule (helium) 
of one species would be preferable. 


22. CONSTANT VOLUME AIR SCALE. . 


Eq. 14 above may be used to calculate the corrections of the (air) 
scale to the Kelvin scale as well as the Kelvin temperature of the 
ice point. Using the general relation 


#) (2) (2) --: 
dt },\dv/,\dp/, 


Eq. (14) may be written 


n= 7 (2 —p 
dT /, 


in which the similarity in form to Eq. (2) is evident. This may be 
used”® to calculate the corrections for the constant volume air ther- 
mometer. By dividing through by 7? and rearranging 


AdT Pp P Po J l 
= wee a ae we 
T? ( T ) a ke a & T 





(16) 


to which the condition v = const. still adheres. Hence to integrate 
this, one must pick the values of \ at the desired temperatures, each 
at such a pressure that the volume remains constant. These are 
then to be plotted against 7~—! and the area under the curve measured. 

In Eq. 14 if p be allowed to approach zero, then (+) = 0 and... 

t 

\ = 0; therefore a plot of the curve, A against p at constant tempera- 
ture, starts from the origin. The actual plot shows that \ grows very 
rapidly from the origin, the first part of the curve being only slightly 
curved, so that over a range of 0.5 to 1.6 atm. one may use A : p and 
determine the proportionality by the value of \ at 1 atm. 
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As will appear from the size of the correction, 1% uncertainty in 
the values of X introduces about 1% in the correction, and this less 
than 0.01° in 7. The range over which p is to be used is from 0.5 to 
1.6 atm., in which the general gas law will give proportionalities well 
within 1% uncertainty. Hence the pressures were calculated using 
p: T for the series of temperatures from — 100 to + 200° C., using p = 
l atm. at 0° C. Using these values of p the corresponding values of 
were calculated as indicated above. These \’s were then plotted as a 
function of 7 and a smooth curve drawn through the points. There 
is considerably more irregularity among these points than in the 
points for wu, so that the uncertainty here may run up to 5%. The 


1 
curvature is not large, so that the integral of \d 7 may be taken as- 


suming the curve a straight line over 25° C. steps from 0° C. to 100° 
C.; these integrals may be computed very simply by using 


- [1z- Ar + As (F-# 
1 T 2 Fe 


which gives 23.09 & 10-7 between the ice point and the boiling point. 
The constant volume air scale is defined by the relation 





p:t vand m constant 
and therefore 
p 
/f. 
Po 
Let 7) = ice point, 7 = 7) + 100 = boiling point, p = po(1 + 8100). 
Eq. (16) may then be written 


T=T 





pol + 1008) po _ aut 
= Sr ae 23.09 10 7 cape 
7, + 100 To . ” ] 


The best available value of 8 for air?® is Chappuis’, namely 





0.00367442 per degree C. measured at py = — atm. The Xd integral 


(23.09 X 107’) is for po = 1 atm., but since the individual values 


of X are proportional to the pressure, the integral is also. Hence, 
the relation may be written 


7, — 14.28.09 X 107 To(To + 100) 
eae 1008 
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in which the second member on the right is a small correction term 
in which 75 = 273 is sufficient. 


To = 272.152 + 0.640 = 272.79° K 


When this is compared with 7’) = 273.15 calculated in the earlier 
paper, it is nearly 0.4° too small. To take up this discrepancy by 
changing \ requires adding more than 50% to the above value of 
\. The errors of the calculation save for the possible gross blunder, 
could not account for 50%. To put the burden on the value of 8 would 
require an error of about 1 part in 700 which, in view of the care 
used, seems unlikely except for some unsuspected source of error. If 
one looks for this in the difference of gas absorption on the walls, the 
discrepancy appears large to account for this way, and on simple 
considerations would appear more likely to make @ relatively small 
compared to «; that is, the resulting correction would be of the wrong 
sign. 

It might be noted also that Buckingham”® gives the corrections 
for the constant volume nitrogen thermometer as decidedly smaller 
than for the constant pressure case. If this applies also over the range 


7 7 Al . . . l 
l = 0 to T = ice point, then the correction to 3 should be smaller 
; l , Be ou : 
than the correction to —. But the Chappius’ values for z and 8 
x 


—— ; , ; l 
require just the opposite; that is, the correction to — must be the 


larger. As far as this is valid, it would be in agreement with the A 
result above and seem to throw the burden on Chappius’ value of 8. 
In view of this discrepancy, it has not appeared profitable to 
calculate the corrections to the constant volume air scale, but they 
will be about 24 those to the constant pressure scale. 
23. CONCLUSION. 

This finishes the work on air for the present, except that this data 
is being used to supply part of the material for an article on the 
liquifaction of air. 

A list of the topics covered will be found on the first page. 

I wish to acknowledge again, as in the first paper, the receipt of a 
grant from the Rumford Fund of the American Academy which was 
used for the purchase of the unglazed porcelain plugs use practically 
throughout the work, and contributing very materially to its success. 
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My acknowledgments are also due to my two effective helpers, 
Dr. J. H. Webb who except for his own modesty should have appeared 
as a co-author, and Mr. Harold Osterberg who helped in the computing 
and who is helping to gather the next experimental data. My thanks 
are due to both as energetic able partners in this work. 

In the beginning of this attack on the Joule-Thomson problem 
years ago, air was selected as the working fluid for very obvious reasons 
—availability, cheapness, innocuousness of small leaks, ete. So that 
this attack is to be looked upon as a test out of the methods as well 
as an attempt to supply such data for air. Examination of the data 
taken as the work progressed will show a steady improvement as 
both the physical and mental situation came more and more under 
effective control. If the measurements were to be repeated, the 
numerical data could be improved very materially. Technically, air 
is a very important substance, but the need for high precision there 
is not great and Dr. Hausen’s data as well as mine should suffice. 
Scientifically air is being increasingly neglected in favor of the pure 
gases, so that for example the data on « and 8 used above are a good 
many years old. 

Consequently the next move is to measure the pure gases. This 
involves using a low pressure reservoir as well as the high, and the 
use of a closed, tight system. This work has been pushed while the 
above computations have been in hand, so that the system is nearly 
ready for work. The Bureau of Mines is supplying helium as the 
first pure gas to be measured. 

DEPARTMENT OF Puysics, 

UNIVERSITY OF WISCONSIN, 
December 1929. 
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TABLE 1. 
A B C 
Plug #51 Symbol Q Plug #41 Symbol © Plug #51 Symbol Q 
Pp —t No. Pp —t No. p --t 
73.5 21.56 | 12 42.% l 3.8 42.00 
2 91.2 17.69 2 3.0 42.10 2 13.2 38.78 
3 109.7 14.02 3 17.9 37.02 3 28.8 33.81 
4 128.1 10.80 4 39.6 30.39 4 43.4 29.25 
5 140.7 8.67 5 60.5 24.80 5 57.2 25.39 
» 154.4 6.51 6 81.3 19.87 6 69.0 22.39 
7 168.4 4.63 7 103.9 15.19 7 83.6 18.94 
8 180.9 3.35 8 126.4 11.18 8 111.0 13.72 
9 215.8 0.0 9 146.7 8.04 
10 167.0 5.31 
ll 185.3 3.20 
12 215.2 0.0 
TABLE 2. 
A B C 
Plug #41 Symbol ® Plug #35 Symbol V Plug #49 Symbol & 
No. p —t No. p  -t No. Pp —! 
1 1.3 76.90 1 44.3 58.49 l 80.6 47.86 
2 2.9 76.23 2 64.0 53.30 2 100.1 42.73 
3 10.3 72.94 3 86.1 46.23 3 123.9 37.63 
4 26.2 66.06 4 112.3 40.09 4 139.9 34.63 
5 46.2 58.38 5 134.9 35.73 5 147.0 33.39 
6 66.0 51.86 6 156.8 32.12 6 159.1 31.66 
7 88.4 45.57 7 177.6 £29.27 ? 171.9 29.82 
8 112.6 39.86 8 213.6 25.01 8 213.6 25.01 
9 132.7 35.92 
10 154.0 32.36 
ll 172.4 29.67 
12 198.5 27.15 
13 -_-215.2 25.20 
D E 
Plug #49 Symbol -© Plug #49 Symbol 0 
No. Pp —t No. p —t 
1 84.3 47 .02 l 1.8 76.76 
2 103.5 42.34 2 10.8 72.80 
3 120.6 38 . 56 3 26.3 66.07 
4 139.4 35.08 4 39.5 60 . 90 
5 156.7 32.29 5 52.9 56.11 
6 215.6 25.22 6 67.3 51.46 
7 81.9 47.12 
8 110.4 40.40 





Plug 
No. 


- & b= 


oS 


7 


3 
10 





A 
#35 Symbol < 
Pp —& 
1.2 113.76 
13.9 105.76 
34.3 94.57 
57.6 83.94 
76.2 76.92 
100.2 69 .42 
122.7 63 .82 
147.9 58 .89 
176.3 54.51 
214.2 50.33 
A 
#35 Symbol -© 
p — ¢ 
1.6 156.53 
10.8 145.73 
27.3 130.72 
92.2 113.26 
76.1 101. 56 
107.3 91.19 
127.4 86.43 
150.7 82.13 
178.5 78.35 
214.2 75.00 
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TABLE 3. 
B 
Plug #49 Symbol © 
No. Pp —t 
t teas 61.94 
2 146.1 59.23 
3 162.4 56.51 
4 169.6 55.48 
5 184.4 53 . 50 
6 213.6 50.33 
D 
Plug #49 Symbol © 
No. p —t 
l ¥ 113.58 
2 - 113.20 
3 20. 101.56 
4 46. 88 .67 
5 64. 80.94 
6 215.2 50 . 86 
TABLE 4. 
B 
Plug #49 Symbcl © 
No. Pp —t 
l 127.8 86. 54 
2 140.6 84.02 
3 157.4 81.59 
4 163.4 80.27 
5 178.3 78.37 
6 213.6 75.00 





Plug #49 Symbol 9 
—t 
72.83 
68 .24 
64.48 
61.30 
50.33 


Plug #49 Symbol + 


C 
No. Pp 
1 89.0 
2 105.2 
3 120.2 
4 135.0 
5 213.6 

C 
No. p 
l 62.2 
2 85.8 
3 6108.8 
4 125.1 
§ 215.2 


— 


107.89 


97 .86 
90.91 
86.95 
75.00 
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TABLE 5. 
A B 
Plug #49 Symbol © Plug #48 Symbol 6 
No. p —t No. p —t 
1 1.3 172.95 1 1.3 171.58 
2 16.6 152.32 2 26.3 141.04 
3 39.9 132.85 3 48.3 123.47 
4 59.9 116.85 4 68.8 112.61 
5 81.9 107.43 5 92.1 103 . 66 
6 103.3 100.90 6 116.4 97.24 
7 128.1 95.28 7 140.2 93 .01 
8 151.4 91.42 8 161.9 89.91 
9 173.0 88.75 9 185.6 87.50 
10 215.5 85.30 10 215.5 85.28 
TABLE 6. 
A B 
Plug #49 Symbol 6 Plug #48 Symbol 9 
No. p —t No. Pp —t 
1 29.1 149.22 1 32.5 142.45 
2 32.¢ 141.80 2 41.8 134.66 
3 39.8 135.72 3 69.8 118.43 
+ 04.9 125.45 + 98.9 109.10 
5 77.5 —-115.48 5 126.9 103.19 
6 100.4 108.60 6 151.4 99.77 
7 123.3 103.90 7 175.3 97.39 
8 146.3 100 .47 S 215.5 94.87 
9 169.9 97.88 
10 215.5 94.87 
TABLE 7. 
A B 
Plug #49 Symbol + Plug #48 Symbol © 
No. p —t No. p —t 
l 7.9 169.20 l 39.6 137.41 
2 18.0 155.58 2 46.6 132.22 
3 33.3 143.06 3 57.2 126.38 
4 51.7 129.74 4 $2.3 116.69 
5 69.8 121.24 5 105.3 110.92 
6 86.4 115.73 6 128.8 106.74 
7 1OL.S 111.76 7 152.3 103.85 
8 119.3 108.44 8 175.4 101.77 
9) 136.8 105.80 9 215.5 99.62 
10 153.1 103.96 
11 169.6 102.43 


12 215.5 90 SO 
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No. 
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46. 
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70. 
95. 

118. 
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Plug #49 
No. 
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81 
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124.% 


146. 
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TABLE 10. 


—f 
149.37 
140.81 
135. 36 
130.45 
125.40 
123 .08 
121.12 
119.88 
118.60 



















TABLE 8. 
B 
Symbol © Plug #48 Symbol & 
—t No. p —t 
Q 144.16 l 37.3 141.26 
4 138.84 2 41.1 138.18 
0 134.66 3 50.8 131.98 
8 130.18 4 61.3 126.83 
2 123.35 5 87.1 118.19 
3 116.25 6 114.9 112.54 
2 112.12 7 144.7 108.76 
2 109.09 8 175.1 106.23 
8 107.07 9 215.5 104.38 
5 104.38 
TABLE 9. 
B 
Symbol A Plug #48 Symbol& 
—t No. Pp —t 

Q 151.76 l 38.3 140.52 
4 143.42 2 43.1 137 .52 
8 139.96 3 51.9 132.58 
4 136.99 4 61.2 128.67 
9 133.67 5 86.4 121.02 
7 128.89 6 114.8 116.02 
O 122.41 7 143.2 112.78 
0 118.09 8 175.4 110.58 
$6=—sd14.. 8 9 215.5 109.17 
7) 112.50 

6 111.35 

5 109.17 


B 

Plug #48 Symbol + 
No. Pp —t 

1 47.6 136.18 
2 73.1 128.66 
3 96.8 124.95 
4 124.9 122.02 
5 148.5 120.42 
6 174.5 119.25 
7 215.5 118.60 
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TABLE 11. 
A 

Plug #48 Symbol Q 
No. p —t 

1 23.2 152.40 
2 32.4 145.84 
3 38.2 143.59 
4 48 .7 141.72 
5 60.0 140.33 
6 82.2 138.16 
7 105.6 136.75 
8 127.1 135.86 
4) 151.1 135.28 
10 174.3 134.97 
11 215.5 135.24 


TABLE 12. 
Plug #48 Symbol 9 


No. p —ft 
1 15.6 160.86 
2 21.7° 154.34 
3 26.8 151.30 
4 38.5 150.75 
5 59.9 149.51 
6 84.4 148 .59 
7 107.7 148.15 
8 130.4 147.78 
9 152.7 147.75 

10 174.7 148.15 

Ll 215.5 149.28 





TABLE 13. 
nu (low temps.). 
P —150°C. —140°C. —120°C. —100°C. —75°C. —50°C. —25°C. 





I 9510 407 5750 4620 3750 3160 
20 9750 705 .5535 4380 3505 2065 
10) t+ .0620 .5700 672 .o210 4105 . daeo 2750 
60 + .0440 .1105 .§22 .4700 3765 . 3080 2540 
SO + .0315 . 6800 . 294 .3870 . 3330 . 2785 2330 

LOO + .0190 0435 . 1650 . 2845 .2870 . 2470 2115 
120 =+.0070 .0285 1015 . 1990 .2705 .2135 1865 
140 — .0030 0155 0845 1415 . 1960 1815 L640 
L60 — .0125 + .0020 0460 . 1030 1475 . 1550 1435 
Iso.) =6— .0215 — .OO80 0285 0745 1165 . 1305 1250 
200 —.0280 — 0175 + .O130 0490 0920 L100 1075 


220 — .0385 — .0280 — .0150 OSLO 0685 0935 0975 
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TABLE 16. 
Enthalpy, h = u + pu, g. cal. 

Curve h 
280 78.53 
250 70.68 
200 57.41 
150 43.83 
100 29 .87 
75 22.70 
50 15.36 
25 7.82 
0 0.00 
—25 —§.22 
— 50 —17.07 
—75 — 27.07 
—85 —31.57 


—50° C. 
.O899 
.O9LI 
.OSSS 
0806 
0646 
0489 


From Tables 13 and 14g. cal/g. atm. 


—75° C. —25° C. 
.O758 
0745 


0697 
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0520 
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.U258 
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TABLE 224A. 
from Hausen’s work. 
Pr —73.2°C. — 23 .2°C. +26 .8° C. 
l . 505 .36 27 
20 .53 .36 aa 
60 .§15 345 . 26 
100 .425 320 20 


140 34 


TABLE 23. 


pw and 7» COMPARISON WITH WORTHING. 


yu 0 

W R Ww R W R W R 

P —79.3°C. —75°C. O°C. O°C. —79.3°C. —75°C. OC. OPC. 

l . 230 .462 . 240 .448 oll 

20 .464 .438  .226 .249 476 438 .259 .299 

60 .424 377.212 «~.266 474 427 .278 .275 

100 .293 287 .186 .280 368 360 .270 .244 
140 .214 196 .13 296 .280 .233 
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THE JOULE-THOMSON EFFECT IN AIR 333 


TABLE 25. 


CORRECTIONS TO CONSTANT PRESSURE AIR SCALE TO BE ADDED TO EXPERI- 
MENTAL DATA TO GIVE ° KELVIN. 


p = 760 p = 1000 p = 1000 
°C. Roebuck Roebuck Buckingham 
+280 . 202 . 266 

250 .161 = .212 
225 .127 .167 
200 .0959 .126 105 
175 .0668 .0879 
150 .0406 | 0534 
125 .0181 .0238 
100 .0000 .0000 .0000 
75 — .0128 — .0168 — 0151 
50 — .0185 — .0243 — .0209 
+25 — .0149 — .0196 — .0158 
0 .0000 .0000 .0000 
— 25 .0289 .0380 
— 50 .0971 .128 
—75 .154 203 
—100 .273 .359 0.326 
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